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1. INTRODUCTION
Non traditional metal stable isotopes (e.g., Fe, Ni, Zn,
Cu, Cr, Cd, Ga, Ge, Hg, Mo, U, W) have received growing
attention over the past decade as they are powerful tools to
trace (bio ) geochemical processes ranging from alteration
at the Earth’s surface (e.g. McManus et al., 2002; Rouxel
et al., 2003; Hohl et al., 2015; Noordmann et al., 2015;
Wang et al., 2016; Baronas et al., 2018) to metal silicate dif
ferentiation in planets and asteroids (e.g. Poitrasson et al.,
2005, 2009; Georg et al., 2007; Schoenberg and von
Blanckenburg, 2006; Luais, 2007; Hin et al., 2013;
Bonnand et al., 2016; Kempl et al., 2016; Mahan et al.,
2017; Liu et al., 2017; Bourdon et al., 2018).
Nickel (Ni) is the second most abundant element in the
metallic cores of planetesimals and planets. It is thus an ele
ment of major interest in the study of metal silicate differen
tiation in the early solar system. Until recently, nickel
isotopes have mainly been used for nucleosynthetic anoma
lies applications (Quitte´ et al., 2006a; Regelous et al., 2008;
Steele et al., 2011; Render et al., 2018) and in radiochronol
ogy (Shukolyukov and Lugmair, 1993; Quitte´ et al., 2011;
Tang and Dauphas, 2014) to date early events in the solar
system based on the decay of 60Fe to 60Ni with a half life
of 2.62 Ma (Rugel et al., 2009). Coupled with 26Al, 60Ni
has also been used to quantify the available heat sources
required for planetary melting, and thus to unravel thermal
histories of meteorite parent bodies that accreted early in
the protoplanetary disk (e.g. Tachibana and Huss, 2003;
Telus et al., 2018). Mass dependent fractionation of nickel
stable isotopes in meteorites and planetary bodies has
received much less attention than other elements such as
iron and silicon, mostly due to technical and analytical
issues. Nonetheless, for roughly ten years, analytical devel
opments have allowed the study of stable nickel isotopes
across a wide range of scientific fields, from biological
(Cameron et al., 2009), to oceanic (Fuji et al., 2011;
Gueguen et al., 2016), environmental (Ratie´ et al., 2015a;
2016), planetary differentiation and cosmochemical pro
cesses. First measured in the metallic phases (kamacite
and/or taenite) of different types of meteorites (Quitte´
et al., 2006a; Cook et al., 2007; Dauphas, 2007; Moynier
et al., 2007), nickel isotopic signatures exhibit large varia
tions, from 0.05 to 0.30‰.amu!1. Similarly, the Ni iso
tope composition also varies within meteorite groups, e.g.,
among ordinary chondrites or iron meteorites types (Gall
et al., 2017 and references therein). A fractionation is also
observed as well in metal grains of CB/CH chondrites
(Weyrauch et al., 2019). Last but not least, recent studies
based on in situ measurements of nickel isotopes in silicate
and metal phases in pallasites and mesosiderites show vari
able metal silicate fractionation of nickel isotopes. In detail,
pallasites exhibit negative metal silicate fractionation of
nickel isotopes, from 0.106 ± 0.043 to 1.016
± 0.080‰.amu!1, whereas mesosiderites have positive
metal silicate fractionation of nickel isotopes, spanning a
narrower range, from 0.045 ± 0.009 to 0.170 ± 0.040‰.
amu!1. These differences in sign, range and absolute values
possibly reveal various processes such as equilibrium,
kinetic (diffusion and/or volatility) (Chernonozhkin et al.,
2016, 2017). Thus, Ni isotope fractionation seems a power
ful tool to unravel important questions in planetology.
However, nickel is strongly siderophile, which means that
the Ni content in silicates is usually low. Nickel can be con
sidered as a trace element in the main silicate minerals
found in meteorites. For instance, nickel contents in mete
oritic olivine is typically between 20 and 40 ppm in palla
sites, but it can reach up to 0.25 wt% NiO in the olivines
of more oxidized meteorites such as Rumurutiites (Petry
et al., 1996). It is to note that in planetesimals, the main sil
icate reservoir of Ni is olivine.
One of the key questions in planetology is whether the
Ni isotope composition of the Bulk Silicate Earth (BSE)
is chondritic or not. Based on various studies (Steele
et al., 2011; Gueguen et al., 2013; Gall et al., 2017; Quitte´
et al., 2017; Klaver and Elliott, 2018), dNi values for the
BSE span from 0.025‰.amu!1 to 0.115‰.amu!1 relative
to chondrites. Hence it remains unclear whether the BSE
and chondrites show the same isotopic composition within
uncertainty or not, and nickel isotope data in planetary
objects remain scarce. If this difference is confirmed, it
could be explained by metal silicate differentiation. In par
allel, the question can be tackled using an experimental
approach. Contrary to iron, nickel is only present as Ni2+
in silicates. It can then help to decouple the various pro
cesses responsible for isotope fractionation. According to
Elardo and Shahar (2017), nickel is also an important ele
ment to investigate, as it might be the ingredient controlling
iron isotope fractionation during core formation. This
remains a debated issue, however (Poitrasson et al., 2005,
2009; Chernonozhkin et al., 2016, 2017; Liu et al., 2017).
Until now, a single experimental study exists and explores
the isotope fractionation of Ni in a metal talc system
(Lazar et al., 2012). Besides metal silicate differentiation,
Ni isotopes can be fractionated by volatile depletion pro
cesses in a way similar to Fe and Si, as suggested by
Quitte´ et al. (2017) to explain the differences in isotope sig
natures between the Earth, the Moon, Mars and Vesta.
Indeed, nickel is a moderately volatile element that can
eventually evaporate for long duration experiments at high
temperature.
In the present study, high temperature (1623 K) experi
ments have been performed under reducing conditions
(fO2 = 10
!8.2 and 10!9.9 atm) to quantify kinetic and equi
librium fractionations of nickel isotopes between a solid
metal and a silicate melt under similar conditions. Accord
ingly, most meteorites including pallasites, mesosiderites
and primitive achondrites formed in a reducing environ
ment (along the iron wu¨stite (IW) buffer to 5 log units
below, i.e., from IW to IW 5). As stated above, Ni can only
be present as Ni0 or Ni2+ and its metal silicate partition
coefficient depends on the oxygen fugacity. Hence, two dif
ferent fO2 conditions have been investigated in the frame of
the present work. Additionally, first principles calculations
were performed on different metal silicate mineral systems,
namely Ni olivine and Ni diopside to determine theoretical
equilibrium Ni isotope fractionation factors and their tem
perature dependence. Both experimental and theoretical
data are finally combined to interpret the variability of
nickel isotopes signatures in meteorites.
2. METHODS
2.1. Experimental petrology
Experiments have been performed to approach metal
silicate equilibrium in planetesimals. The metallic reservoir
is a nickel wire 0.5 mm in diameter (Alfa Aesar, puratonic,
99.999%) and the silicate reservoir is a melt of anorthite
diopside eutectic composition which corresponds to a good
analogue of silicate composition in natural samples and
that can cover a wide range of temperature under its liquid
form. Pure Ni wire has been chosen instead of a Fe Ni
alloy, more representative of a planetary metallic core,
because Ni covers a wider range of fO2 in its metallic form;
its solubility in the silicate glass is therefore easier to control
under reducing conditions. Besides, using pure Ni avoids
interactions between different elements such as Fe Ni
inter diffusion processes or competition between both. A
large batch of the glass ("50 g) was synthesized from
reagent grade oxides (SiO2; Alfa Aesar, 99.8% and Al2O3;
Acros Organics, 99+%, extra pure) or carbonates (CaCO3;
Acros Organics, 99+% and 4(MgCO3)#Mg(OH)2#5(H2O);
Acros Organics, containing 40.39 wt% MgO). The starting
mixture was first fired to 1073 1273 K for several hours to
ensure complete dehydration and decarbonation. The mix
ture was then melted in air in a platinum crucible at 1723 K
for 2 hours, quenched and finely crushed in an alumina
mortar. These steps were repeated twice to obtain a well
homogenized glass as demonstrated by the multiple
("100) electron microprobe analyses of its composition
(Table 1).
Time series experiments were performed using the wire
loop set up. Glass droplets of approximately 30 mg were
prepared and suspended on a Ni wire loop ($25 mg). In
this setup, at high temperature, nickel diffuses from the wire
to the silicate melt where its concentration rapidly reaches
chemical equilibrium. For each experiment, 5 samples were
loaded simultaneously in the furnace and quenched in air at
different times, thereby allowing to quantify kinetic effects.
All experiments were performed at a single temperature
(1623 ± 1 K). Two different oxygen fugacities (10!8.2 and
10!9.9 atm; i.e., 2 and 3.7 log units below the Ni NiO buffer)
were used, fixed by CO:CO2 gas mixture. These conditions
of temperatures and fO2 have been chosen to mimic condi
tions of metal silicate differentiation in natural objects. Run
durations ranged from 30 minutes to 7 days (Table 2).
Replicate experiments were carried out in order to confirm
the reproducibility of the experimental conditions and
results. In details, experiments at 24 hours were at least
duplicated for both types of experiments.
2.2. Nickel separation and analysis
After experiments, the metallic wire and the silicate glass
droplet were mechanically separated under a binocular
microscope. Each part was then digested on a hotplate at
120 130 !C for at least 3 days in a mixture of HCl, HF
and HNO3 with volume ratios 2:1:1 and 1:1:0.05, for metal
and silicate, respectively, and in a total volume of 4 ml.
After digestion, samples were dried and then taken up in
2 ml of 6 N HCl twice to convert fluorides into chlorides.
A small aliquot of 5 % in volume was then saved for con
centration analysis (using ICP OES and/or ICP MS) and
the remaining solution was dried down again, ready for
nickel separation.
The latter consists of four steps and follows the method
developed by Quitte´ and Oberli (2006b). The main differ
ence in the chemical separation between metal and silicate
is that the dimethylglyoxime (DMG) step (see below) is
not used for Ni wires. Briefly, the samples were re
dissolved in 2 ml 9 N HCl and loaded on a AG1 X8 anion
exchange resin. As nickel elutes immediately, it was directly
collected in the load fraction. Elution was completed with
additional 4 ml of 9 N HCl. After evaporation, the sample
was taken up in 2 ml 2 N HCl and loaded once more on the
same resin. Nickel elution was again completed with 4 ml of
HCl 2 N. These two steps allowed efficient separation of
iron and zinc, two elements that have isobaric interferences
with nickel at masses 58 and 64 respectively. The dry sam
ples were then dissolved in 5 mL of 1 N HCl and 1 ml of
1 N ammonium citrate and the pH was adjusted to 8 9 with
a few drops of concentrated ammonia. The samples were
subsequently loaded on a Ni specific resin containing
DMG that complexes Ni and lets most of all other elements
flow through the resin. Only few elements form chelates
with DMG: Ni, Co, Cu, Pd and Pt. Copper and Cu were
separated during the first step using AG1 X8 resin, hence
they are not present in the Ni cut anymore. Contrary to
Ni, palladium only reacts with DMG in acid solution,
and platinum and Pd are anyway removed later during
the separation procedure (see below). Elution of this Ni
DMG organic complex was achieved by adding 12 ml of
3 N HNO3. In order to break the Ni DMG complex, a
few drops of HClO4 were added to the solution before it
was evaporated to dryness. To destroy organic matter orig
inating from the resin and residual DMG in the case of
Table 1
Starting composition of the silicate glass.
Expected starting composition (wt%) aMeasured starting composition (wt%)
SiO2 50.33 50.52(35)
b
CaO 23.49 22.95(31)b
Al2O3 15.39 15.22(25)
b
MgO 10.79 11.30(19)b
a Average value of measurements made on 100 electron microprobe points.
b Number in parentheses indicate two standard deviation on the last two digits.
Ni rich samples, the dried samples were then dissolved
twice in a 30% H2O2 + 16 N HNO3 (1 ml + 1 ml) mixture
and evaporated again to dryness. Finally, the samples were
taken up in 0.2 ml H2O and loaded onto a AG50W X8
cationic resin for a final purification step. The main goal
of this third step using small columns is to remove organic
matter, as well as Pt and Pd if any. Matrix elements were
washed out with 2.5 mL of 0.2 N HCl and nickel was eluted
with 0.5 ml of 3 N HCl and evaporated to dryness. The
yield of this procedure was 95 ± 3%. The small loss of Ni
occurred when using dimethylglyoxime (DMG) on the sec
ond column and induced no Ni isotope fractionation as wit
nessed by the isotope composition of the processed
standard, similar to that of the unprocessed isotope
standard.
Nickel isotope measurements were performed using a
combination of the standard sample bracketing technique
and Cu doping using a Neptune MC ICPMS (ThermoFis
cher Scientific) in ‘‘medium resolution mode”, i.e., a resolv
ing power M/DM " 7000 (5 95% peak edge definition) at
the Observatoire Midi Pyre´ne´es, Toulouse. A double spike
approach was not used for Ni isotope analyses in this study
to avoid clean laboratory and our instrument contamina
tion. Besides this study, we also conduct in Toulouse the
measurement of mass independent variations of Ni isotopes
in cosmochemical samples, which are particularly sensitive
to small uncertainties in 61Ni, 62Ni and 64Ni, especially
when looking at nucleosynthetic anomalies. The Cu doping
method adopted in this study has a reproducibility compa
rable to that attained using a double spike approach. All
nickel isotopes (58, 60, 61, 62, 64) were measured simulta
neously as well as 57Fe and 66Zn in order to correct for iso
baric interferences of 58Fe on 58Ni and 64Zn on 64Ni. These
corrections are efficient if the Fe/Ni and Zn/Ni ratios are
lower than 0.1 and 10!3 respectively (Quitte´ and Oberli,
2006b). This is always the case for Fe/Ni ratios, but more
difficult to control for Zn/Ni due to external Zn contamina
tion, hampering the systematic use of 64Ni.
After nickel separation and purification, samples were
dissolved in 0.1 N HCl and their Ni concentration was
adjusted to match within 10 % the concentration of the
bracketing standard (an Aldrich standard solution). More
over, in order to correct for the instrumental mass bias,
copper (Cu) was used as an internal standard and an expo
nential law was considered for the calculation. Copper was
added both to samples and standards, typically to half the
concentration of nickel. Hence, 63Cu and 65Cu were mea
sured in a second cycle during the run in dynamic mode
(one cycle for Ni, Fe and Zn isotopes, the other for Cu).
60Ni is a radiogenic isotope whose abundance may vary
in meteorites due to in situ decay of 60Fe. We therefore pre
fer to avoid 60Ni when reporting mass dependent isotope
fractionation in meteorites or in experiments when the
experimental data are dedicated to interpret results
obtained in natural samples. Besides, once evidence is pro
vided that the observed fractionation follows a mass depen
dent law (see Fig. 2), the reported di/jNi ratio does not
matter (i and j can be any isotope of Ni). Reporting the iso
tope fractionation per atomic mass unit (a.m.u.) should
allow a direct and easy comparison with literature data.
Table 2
Experimental data.
Sample Temperature
(K)
Log fO2
(atm)
Time
(hours)
Concentration
(103ppm)a
bdNiM (a.m.u
1) bdNiS (a.m.u
1) DNiM S Replicates
c
Niwire 298 Air 0 10
3 0.25 (06) 7
Niwire+(An:Di)melt 1623 8.2 0.5 2.64 (49)
d 0.25 (08) 0.77 (08) 0.52 (11) 6/4
Niwire+(An:Di)melt 1623 8.2 1 3.74 (77)
d 0.27 (03) 0.80 (11) 0.53 (11) 5/5
Niwire+(An:Di)melt 1623 8.2 2 4.88 (60)
d 0.26 (03) 0.98 (05) 0.72 (06) 3/4
Niwire+(An:Di)melt 1623 8.2 3 5.68 (98)
d 0.26 (09) 0.42 (04) 0.16 (10) 5/3
Niwire+(An:Di)melt 1623 8.2 5 6.01 (43)
d 0.23 (05) 0.40 (11) 0.18 (12) 4/5
Niwire+(An:Di)melt 1623 8.2 10.6 6.97 (41)
d 0.28 (06) 0.38 (04) 0.10 (07) 3/4
Niwire+(An:Di)melt 1623 8.2 17.9 8.81 (16)
d 0.27 (02) 0.39 (04) 0.13 (05) 3/4
Niwire+(An:Di)melt 1623 8.2 24 9.13 (17)
d 0.21 (05) 0.21 (06) 0.00 (07) 4/5
Niwire+(An:Di)melt 1623 8.2 24 8.95 (11)
d 0.26 (02) 0.33 (06) 0.07 (07) 3/4
Niwire+(An:Di)melt 1623 8.2 48 9.20 (38)
d 0.27 (05) 0.30 (06) 0.03 (08) 3/4
Niwire+(An:Di)melt 1623 8.2 168 8.90 (15)
d 0.13 (01) 0.14 (01) 0.01 (01) 3/3
Niwire+(An:Di)melt 1623 9.9 0.5 1.01 (02)
e 0.25 (02) 0.74 (04) 0.50 (05) 3/3
Niwire+(An:Di)melt 1623 9.9 1 1.14 (01)
e 0.26 (02) 0.62 (03) 0.36 (03) 3/5
Niwire+(An:Di)melt 1623 9.9 2.8 1.31 (01)
e 0.24 (02) 0.39 (03) 0.15 (04 3/4
Niwire+(An:Di)melt 1623 9.9 24 1.35 (01)
e 0.24 (03) 0.27 (07) 0.03 (07) 3/4
Niwire+(An:Di)melt 1623 9.9 24 1.34 (01)
e 0.24 (02) 0.27 (01) 0.03 (03) 3/4
Processed Ni std 298 Air 0.0003 0.02 (02) 3
Glass + Ni std 298 Air 0.0003 0.01 (02) 3
a Numbers in parentheses represent 2SD on the last two digits, determined from at least three replicates.
b M=Metal, S = silicate melt.
c Metal/silicate.
d Measured by ICP OES.
e Measured by ICP MS.
This notation has already been used by different authors
for, e.g., Cu, Zn, Ca, Ni.
All nickel isotopic ratios are reported relative to the Ni
Aldrich standard corrected for mass bias using the internal
standard, and expressed according to the following
equation:
dNi ‰:amu!1
! "
¼
iNi= jNið Þsample!Cucorr
iNi= jNið Þstd!Cucorr
1
!
(
1000
i jð Þ
where (iNi/jNi)sample-Cu corr is the measured
iNi/jNi ratio in
the sample corrected for the mass bias using copper and (i
Ni/jNi)std-Cu corr is the average of the
iNi/jNi ratio of the
standards that bracket the sample in the analytical
sequence, corrected from mass bias using copper. Measure
ments of the Aldrich standard solution relative to the certi
fied SRM986 isotope standard confirmed that both have
the same isotopic composition (dNi = 0.05 ± 0.06‰.
amu!1). A standard processed through the whole separa
tion procedure shows an isotopic composition of 0.02
± 0.02‰.amu!1 demonstrating that our nickel purification
procedure does not fractionate its isotopes. The external
reproducibility (2 SD) achieved on standard replicates over
a year, i.e., "300 measurements, is 0.04‰.amu!1 and
0.07‰.amu!1 for d(62Ni/58Ni) and d(64Ni/58Ni), respec
tively. Similar reproducibility is found on the nickel wire
(dNistarting metal = 0.25 ± 0.06‰.amu
!1, n = 7 replicates).
To check accuracy of the isotope measurements, a glass
droplet comparable to those used for the experiments, but
doped with our Aldrich Ni standard, was also processed:
it yields a dNi of 0.01 ± 0.02‰.amu!1, undistinguishable
from the matrix free processed and unprocessed standards.
Hence, isotope analyses are not hampered by matrix effects.
We also note that there is no evidence of correlation
between the reproducibility and odd / even isotope pairs,
indicating no significant mass independent fractionation
effect, if any. The external reproducibility on the samples
is calculated on at least three replicate measurements
(Table 2). Finally, the nickel isotope fractionation between
metal and silicate melt (DNiM-S in amu
!1) is expressed as:
DNiM!S ¼ dNiM dNiS ; ð2Þ
with dNiM the nickel isotope composition in the metal (in
amu!1) and dNiS the isotope composition of the silicate
melt (in amu!1).
2.3. ab-initio calculation
A theoretical approach was also used to estimate the
DNiM!S at equilibrium for different metal silicate systems
with the aim to compare them with the experimental data,
to refine the interpretation of the latter and to extrapolate
to lower temperature conditions.
Equilibrium fractionation properties of condensed
phases are expressed theoretically by their b factors, which
are related to the change in free energy associated with iso
topic substitution in a particular phase. The connection
between the D values and the b factors is expressed via
the isotopic fractionation between phases A and B:
DNiA!B ¼ 1000 lnbNiA 1000 ln bNiB; ð3Þ
where ln bΝiA(B) are the so called b factors of Ni isotopes in
phase A (respectively B).
b factors of metal and silicate phases have then been
computed from their phonon frequencies based on the gen
eral theory (see e.g. Meheut et al., 2007).
For the metal (pure Ni, fcc structure), the phonon fre
quencies were computed from first principles using density
functional theory (DFT) (Hohenberg and Kohn, 1964;
Kohn and Sham, 1965). The calculation was based on the
exchange correlation functional of Perdew, Burk and Ernz
erhof (PBE) (Perdew et al., 1996), a plane wave basis set,
and atomic pseudopotentials as implemented in the Quan
tum Espresso package (Giannozzi et al., 2009). Pseudopo
tentials used for Si, O, H are described in Me´heut et al.
(2007). The pseudopotential used for Ni comes from the
GBRV (Garrity, Benneth, Rabe, Vanderbilt) pseudopoten
tial library version 1.4 (Garrity et al., 2014), verified within
the SSSP (Standard Solid State Pseudopotentials) effort
(Lejaeghere et al., 2016).
For the silicate phases, the calculation may be more dif
ficult. Indeed, insulators containing transition elements
appear sometimes challenging to model, due to the failure
of classical DFT methods to model strongly correlated elec
tronic systems (Cococcioni et al., 2005). In this case, a + U
correction might be necessary for the calculation to cor
rectly reproduce the insulating behavior of these systems
(Cococcioni et al., 2005). However, we note that the insulat
ing materials considered in this study (Ni olivine and Ni
diopside) were found to be insulators even without a +U
correction, suggesting that this latter correction is not nec
essary in the calculations (Zbiri et al., 2008). Therefore, in
the present study calculations were performed without the
+U correction. Finally, these different phases show com
plex magnetic orders (Hagemann et al., 2000; Durand
et al., 1996). In order to quantify the effect of this order, dif
ferent tests have been performed on Ni olivine structure
(see discussion in the Appendix). Such tests show that the
type of magnetic order has a negligible effect on the calcu
lated fractionation properties (Fig. 1 of the Appendix).
Following these considerations, in the rest of this study,
the magnetic structure considered for Ni olivine is the one
referred to as configuration 1 by Cococcioni et al. (2005)
(who studied Fe olivine), as it is slightly better in reproduc
ing experimental structure (see Appendix). For Ni metal
and Ni diopside, a ferromagnetic structure was considered.
The structural parameters of Ni metal were found to be vir
tually indistinguishable from experimental ones, whereas
those of silicates were found to be 1 2% larger than the
experimental ones, which is typical of this type of method
(Table 1 of Appendix).
Electronic wave functions were expanded in plane
waves up to an energy cutoff ecut = 60Ry for the metal
and ecut = 80Ry for the silicates, and the charge density
cut off set to 8ecut. The electronic structure integration
was performed by sampling the first Brillouin zone with a
20 ( 20 ( 20 k points grid for the Ni metal, a 2 ( 2 ( 2
k point grid for Ni2SiO4 and a 2 ( 3 ( 2 k point grid for
CaNiSi2O6.
The dynamical matrices were computed using the linear
response of Baroni et al. (2001), with the PWSCF package
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magnitude faster than chemical diffusion (Richter et al.,
2009). Whatever the process considered, light isotopes have
a higher diffusion coefficient than heavier isotopes and
migrate faster. Diffusion coefficients Di and Dj of two iso
topes i and j of a given element, respectively, can be related
to the masses mi and mj of the isotopes as follows:
Di=Dj ¼ mi=mj
! "bDiff ð8Þ
with bDiff being the fractionation factor. The starting phase
then becomes isotopically heavier, while the phase where Ni
goes into is increasingly enriched in light isotopes. Diffusion
processes explain for instance the Ni isotope signature of
kamacite and taenite in iron meteorites (Quitte´ et al.,
2006c; Dauphas et al., 2007): during cooling of the mete
orite and exsolution of kamacite, Ni goes from the Ni
poor kamacite into the Ni rich taenite, so that kamacite is
isotopically heavier than taenite. Here, in our short
duration experiments, a strong enrichment in light isotopes
is observed in the silicate reservoir (dNiS = 0.98 ± 0.05‰.
amu!1 after 2 hours of heat treatment). This enrichment
corresponds to a kinetic isotopic fractionation between
metal and silicate (DNiM-S = 0.72 ± 0.06‰.amu
!1), that
has a clear diffusive origin (Figs. 1 3 and Table 2).
The kinetic isotope fractionation of nickel (coupled with
iron) has been studied during Fe Ni interdiffusion in the
course of alloying these two metals at 1GPa and 1473
1673 K in a piston cylinder apparatus (Watson et al.,
2016). In situ measurements performed by these authors
show an even stronger enrichment in light isotopes near
the interface between the two initial reservoirs
(dNi = 12‰.amu!1), which is expected since local mea
surements unravel the spatial redistribution of isotopes
along the diffusion profile. From these profiles, the magni
tude of the kinetic effect can be modeled and parameterized
(e.g., Oeser et al., 2015). Such modeling cannot be per
formed using our bulk measurements, however. In the pre
sent study, the interpretation of the data thus relies on the
comparison of our nickel data with iron isotopes.
4.3. Comparison with results obtained on iron isotopes
Nickel and iron share similar chemical and crystal
chemical properties. This assertion holds for metallic Ni
and Fe as well as for their divalent cations. In this respect,
we thus discuss our new results on Ni isotopes using
insights from the larger body of literature available on iron
isotopes.
Several experimental studies have been performed on
metal silicate isotope fractionation of iron at equilibrium.
In general, authors agree on the absence, within uncer
tainty, of iron fractionation between metal (solid or liquid)
and silicate melt, at least at temperatures above 1523
1570 K, pressure from 1 bar to 7.7 GPa and oxygen fugac
ity from IW+3 to IW 2 (IW = Iron (Fe) Wu¨stite (FeO)
buffer) (Roskosz et al., 2006; Poitrasson et al., 2009; Hin
et al., 2012). This has also been shown at higher pressures
using an alternative spectroscopic approach to determine
fractionation factors (Liu et al., 2017). These experimental
studies are in good agreement with meteorite investigations
leading to the conclusion of the absence Fe isotope frac
tionation at equilibrium between metal and silicate under
planetary core formation conditions (Poitrasson et al.,
2005; Chernonozhkin et al., 2016, 2017; Jordan et al.,
2019). A recent study suggested, however, that the iron iso
tope fractionation factor becomes significant if a large
amount of Ni is alloyed to iron (Elardo & Shahar, 2017).
For low Ni contents of ca. 5%, compatible with planetary
cores though, the metal silicate Fe isotope fractionation
factor found in this study is not significantly different from
0‰. A more recent work from the same group investigated
the effect of the abundance of the third potentially abun
dant element in planetary cores besides Fe and Ni, silicon,
in the metal (Elardo et al., 2019). Here also, four out the
five experiments produced did not generated notable Fe iso
tope fractionation between metal and silicate. The chemical
composition dependence (e.g., the amount of Ti in the sili
cate) of iron isotopes fractionation is also in debate for oli
vine/silicate melt system in which no evidence of this
dependence has been observed (Prissel et al., 2018).
In metal silicate systems with only iron as metal, the
value of high temperature equilibrium fractionation (in
amu!1) between metal and silicate (DFeM-S) is close to zero
(i.e., 0.20 ± 0.15‰ in Roskosz et al., 2006; 0.016 ± 0.021‰
in Poitrasson et al., 2009, and 0.005 ± 0.020‰ in Hin et al.,
2012). Our experimental data on nickel isotopes are similar
to these Fe results, revealing no isotope fractionation at
equilibrium at high temperature (typically T > 1600 K).
Turning to the temperature dependence, experiments on
Ni isotopes may also suggest a possible positive fractiona
tion factor. Despite being too small to be confirmed exper
imentally, this issue may be discussed on the basis of our
theoretical calculations. Reduced partition function ratios
(b factors) of iron isotopes have already been determined
(Fig. 4) for several minerals and amorphous silicates and
also for metal (Alp et al., 2001; Tsunoda et al., 2002), oli
vine (Dauphas et al., 2012), pyroxene (Jackson et al.,
2009), silicate glasses under reduced conditions (Dauphas
et al., 2014) and spinel group minerals (Roskosz et al.,
2015). The b factor of iron metal was always found to be
lower than those of silicates, be they crystalline or amor
phous, and even at high pressure (Liu et al., 2017). More
over, the temperature dependence is more pronounced for
iron than for nickel. It also appears that b factors of vari
ous silicates (olivine, pyroxene, basalt) are undistinguish
able within uncertainty considering Fe or Ni isotopes
(Fig. 4). This similarity is true only when iron exhibits a
divalent state in silicates. This is another independent con
firmation that Ni and Fe share common crystal chemical
properties, including local vibrational properties control
ling isotope fractionation. It allows also us to safely use
our DFT calculation for Ni on crystalline olivine and
pyroxene as reasonable proxies for the silicate melt of our
experiments.
Regarding the isotope redistribution during diffusive
processes involving metal and silicates, iron isotopes were
first studied during diffusion between an iron doped silicate
melt and a platinum metallic reservoir, using a similar
experimental set up to that of the present study (Pt wire
loop or Pt crucible), at 1500 !C, various fO2 and from 30
minutes to 24 hours (Roskosz et al., 2006). In that case,
kinetic isotope fractionation was demonstrated to be driven
by diffusion during the alloying of Fe (diffusing out of the
silicate melt) with a platinum wire. A strong negative
metal silicate kinetic fractionation was measured in that
study (DFeM-S = 1.893 ± 0.223‰.amu
!1 after 30 minutes
at 1500 !C and fO2 = 10
!5 atm, i.e. around the Fe3O4 FeO
buffer), a value nearly 3 times larger than in the present
experiments on Ni (Table 2). In the former series of exper
iments on Fe, kinetic fractionation depended on oxygen
fugacity with a stronger fractionation at reducing condi
tions, where the chemical disequilibrium between the metal
and the silicate phase was the largest. Contrary to iron,
fractionation of nickel isotopes appears to be insensitive
to redox conditions (in the range studied here), as it remains
only divalent in silicates. Roskosz et al. (2006) also per
formed in situ measurements on these samples and showed
that during diffusive processes from the silicate melt to the
platinum reservoir, iron isotope fractionation between the
core and the rim of the Pt wire can reach 14‰.amu!1. This
magnitude is very similar to that recently reported for Fe
Ni alloying (Watson et al., 2016), with a core rim iron iso
tope fractionation in the nickel reservoir of 15‰.amu!1
under their experimental conditions (1GPa, 1473 1673 K,
24 240 h). Hence, diffusivity of iron isotopes into metals,
i.e., diffusion driven fractionation, is similar in both sys
tems (silicate melt and platinum in Roskosz et al., 2006,
and iron metal and nickel metal in Watson et al., 2016).
The exponent bdiff (Eq. (8)) linking isotope masses and dif
fusivity are indeed similar in both studies, respectively 0.27
± 0.04 and 0.32 ± 0.04, and are also similar in the case of
nickel isotopes (0.30 ± 0.05 and 0.36 ± 0.05 at 1573 K
and 1673 K, respectively, Watson et al., 2016). Again this
comparison between results obtained for Ni and Fe indi
cates very similar isotopic behavior of Ni and Fe when they
are put under comparable conditions and supports the
interpretation of Ni isotope data as reflecting kinetic pro
cesses driven by diffusion processes.
Hence, our experiments and theoretical calculations
shows that under conditions where Fe and Ni are both
metallic or divalent, these two elements share isotope equi
librium fractionation factors and diffusional processes per
atomic mass unit.
4.4. Application to natural samples
Experimental work allows determining whether equilib
rium has been reached in the samples or not. This is of
major importance, as isotopic signatures can be used as
geothermometers in cases where systems equilibrated, hav
ing thus the potential to shed thus light on the thermal his
tory of the meteorite parent body. Furthermore, diffusion
profiles provide constraints on the cooling rate history in
cases where full equilibrium has not been achieved.
In natural samples, nickel stable isotopes were first mea
sured in the metallic fraction of chondrites and in iron
meteorites (Cook et al., 2007; Moynier et al., 2007). Note
that the standard used by Moynier et al. (2007) is undistin
guishable from SRM 986 and therefore their results are
comparable to others. In chondrites, metal fraction and
bulk samples show dNi values in the same range, from
0.080 to 0.440‰.amu!1 (Moynier et al., 2007; Cameron
et al., 2009; Steele et al., 2011; Gueguen et al., 2013;
Chernonozhkin et al., 2016; Gall et al., 2017; see Fig. 6).
This is completely expected as the Ni budget is at 99% in
the metal. Moreover, chondrites are known to have experi
enced moderate heating through thermal metamorphism
from 800 to 1300 K, i.e. without any melting. At these con
ditions of temperature, our DFT calculations predict barely
measurable metal silicate fractionation of Ni isotopes
between 0.022 and 0.009‰.amu!1 (Fig. 5). Measurements
on the silicate part of chondrites would thus be of major
importance to determine if these samples formed in equilib
rium or not.
Similarly, iron meteorites display Ni isotope composi
tion of d 60Ni = 0.050 to 0.323‰.amu!1
(Chernonozhkin et al., 2015, Gall et al., 2017). Chondrites
and iron meteorites have therefore an equivalent range of
Ni isotopic compositions indicating that core formation
processes are not accompanied by Ni isotope fractionation.
This conclusion is perfectly in line with the interpretation of
Gall et al. (2017) and is also supported by our experimental
and theoretical results.
Cook et al. (2007) were the first ones to measure Ni iso
topes in the metal phase of a few pallasites; they observed a
variability between 0.10 and 0.10‰.amu!1 (Fig. 6). This
variability was confirmed and enhanced by complementary
measurements by Chernonozhkin et al. (2016, 2017), who
analyzed Fe and Ni stable isotopes in pallasites and meso
siderites, two types of differentiated meteorites made of
both metal and silicates. In pallasites, Ni and Fe isotope
fractionation are similar in magnitude and opposite in sign.
Different formation scenarios are invoked for pallasites:
these meteorites either sample the mantle core boundary
of a differentiated body and result from magmatic processes
(e.g. Wasson and Choi, 2003; McKibbin et al., 2016 and
references therein), or they formed by impacts between
already differentiated planetesimals (Scott, 2007; Solferino
et al., 2015; Solferino and Golabek, 2018). Nickel and Fe
isotopes data can be discussed relative to these different
processes. Both elements have similar condensation temper
atures; impact induced evaporation processes should then
affect both of them in the same way. Besides, our experi
ments suggest that evaporation processes induce no Ni iso
topes fractionation between metal and silicate (Fig. 3a).
Evaporation / recondensation is therefore not the dominant
process responsible for the observed isotope signatures of
metal and silicate in pallasites.
According to Chernonozhkin et al. (2016), the Fe iso
tope signature is due to a later stage Fe isotopic re
equilibration between metal and silicate, rather than a pris
tine record of mantle core differentiation. Iron isotope frac
tionation measured between metal and olivine possibly
reflected a final equilibration at 1273 K for some pallasites,
whereas others were clearly out of isotopic equilibrium
(Poitrasson et al., 2005). For Ni, the metal is systematically
isotopically lighter than olivine (Fig. 6). The negative metal
silicate fractionation, ranging from 1.02 ± 0.08‰.amu!1
to 0.10 ± 0.04‰.amu!1, cannot be explained by our
experimental results on equilibrated samples at high tem
perature. For temperatures higher than 700 K, our DFT
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(Capobianco and Amelin, 1994). In other words, Ni
becomes more siderophile and therefore, Ni naturally dif
fuses from silicates to the metal alloy upon cooling, thereby
explaining the isotopic observations. The large isotope frac
tionation of Ni between both phases also indicates that the
cooling rate of pallasites was relatively low to ensure
enough time for sub solidus to take place. Modeling such
diffusion would help to provide quantitative discussion on
thermal history and in particularly on cooling rate of pall
asites parent body but a detailed modeling is out of the
scope of the present manuscript. It is however possible to
conclude that pallasites have a core mantle boundary origin
followed by slow cooling rates rather than higher ones as
expected in impact induced processes.
In mesosiderites, metal and silicates display a much
more limited isotope fractionation of nickel isotopes with
DNiM-S = 0.073 0.170‰.amu
!1 (Chernonozhkin et al.,
2016) whereas our experimental and calculated fractiona
tion at equilibrium is 0.02 ± 0.04‰.amu!1 and 0.005‰.
amu!1 respectively (Fig. 5). Contrary to pallasites, metal
is isotopically slightly heavier than silicate and mesosider
ites are characterized by an apparent positive metal
silicate fractionation of nickel isotopes (Fig. 6). Besides,
mesosiderites silicates are also slightly enriched in light iron
isotopes relative to the metal phase. The similar behavior of
Fe and Ni has been interpreted as resulting from a limited
diffusion of Fe and Ni from metal into silicates
(Chernonozhkin et al., 2016), due to an evolution of oxygen
fugacity conditions in the parent body, in particularly
towards more oxidizing conditions. Mesosiderites have
had a complex multi stage history including disruption of
the parent body and re accretion. A rapid cooling rate at
high temperature prevents diffusion processes to be as effi
cient as in pallasites that experienced slower cooling rates.
Hence, despite their complex history, mesosiderites are
apparently closer to equilibrium than pallasites in terms
of Fe and Ni isotope compositions.
5. CONCLUSION
Kinetic and equilibrium nickel isotope fractionations
between metal and silicate have been investigated experi
mentally and by DFT calculations. Experimental data show
that chemical equilibrium is a function of oxygen fugacity,
and is reached after 1 and 17 hours of annealing, for exper
iments at a fO2 10
!8.2 and 10!9.9 atm. respectively. The dif
fusion process generates a strong isotope fractionation with
a transient enrichment of light isotopes in the silicate melt
at the beginning of the experiments. After 24 hours of heat
treatment, isotopic equilibrium is reached and no metal
silicate fractionation is observed within uncertainties at
temperatures relevant to metal silicate differentiation. This
result is also supported by DFT calculations on metal
olivine and metal pyroxene that additionally show a weak
temperature dependence of this fractionation. At equilib
rium, comparison of these data and those obtained for iron
under similar conditions are very similar suggesting a com
parable isotopic behavior for both Ni and Fe during
igneous processes. Finally, comparison with natural sam
ples shows that metal silicate fractionation in mesosiderites
and pallasites is most likely the result of diffusion driven
processes instead of reflecting equilibrium isotopic fraction
ations. This would result in an undisturbed thermal history
of these bodies, at least down to temperatures were diffu
sion is no more efficient, creating the observed diffusion
profiles. In pallasites, the reverse isotope fractionation
between silicates and metal (relative to the experimental
work) is associated with diffusion of Ni from silicates into
metal during cooling, when Ni becomes more siderophile.
The same approach applied to partially differentiated
primitive achondrites such as acapulcoites and lodranites,
i.e., the comparison between experimental results and mea
sured isotope fractionation between metal and silicate of
natural samples, will therefore help us to elucidate the ther
mal history of their parent body and the processes (equilib
rium vs. diffusion driven) involved in their metal silicate
differentiation.
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APPENDIX. COMPARISON OF CALCULATED
STRUCTURAL AND VIBRATIONAL PROPERTIES
WITH EXPERIMENT, AND DISCUSSSION OF THE
NUMERICAL ERRORS
The structural, vibrational and fractionation properties
of Ni metal, Ni olivine (Liebenbergite Ni2SiO4), and Ni
diopside have been computed by ab initio calculations. In
the case of Liebenbergite, we tested the effect of various
numerical parameters and physical frameworks. More pre
cisely, we tested the effect of the magnetic structure, and the
importance of taking into account the phonon dispersion.
Due to limitations of our numerical framework, we were
not able to assess dielectric and Born effective charges in
the present work. Indeed, in the current implementation
of the PWSCF code and for spin polarized systems (i.e.
all of our systems), these dielectric quantities cannot be
directly computed by linear response. This, together with
the incompleteness of experimental frequencies, has limited
us in the precise comparison of our calculated frequencies
with experimental data, therefore in the assessment of the
quality of our calculations. The potential effect of dielectric
tensor and effective charges on fractionation properties was
assessed on the Mg b factor of forsterite Mg2SiO4 (calcula
tion of M´eheut et al. (2009)), and was found to be negligi
ble (0.3% of its lnb value in‰, essentially undistinguishable
from expected numerical uncertainty). Further, the assess
ment of these quantities is the subject of a work in prepara
tion, aiming at completing the present theoretical work.
A.1. Structural properties
The relaxed structures of the materials studied in this
work are presented in Table A1 and A2. For Ni metal,
the calculated cell parameter is in excellent agreement with
the experimental value (Kresch et al., 2007), and with pre
vious theoretical studies (Lee et al., 2006). This behavior
seems relatively common for gradient corrected calcula
tions of pure metals (Al: Dal Corso et al., 1996; Fe: Dal
Corso and de Gironcoli, 2000; Au: Dal Corso et al.,
1997). This contrasts with previous similar calculations on
silicates, and on ionic insulators in general, which show
1 2% overestimate of cell parameters (see e.g. Me´heut
et al., 2007, 2009; Me´heut and Schauble, 2014). For Lieben
bergite or Ni diopside, the calculation is showing good
agreement with this 1 2% overestimate. In particular, the
different magnetic structures tested result in virtually iden
tical structures.
A.2. Fractionation properties: metal and Ni-olivine
Computed b factors for metal and Ni olivine are shown
on Fig. A1b. For Ni olivine, consistently with structural
parameters (see above), the different magnetic structures
show very small difference in their b factors (corresponding
to 0.9% of their lnb value in‰). In fact, these very small dif
ferences cannot reasonably be distinguished from expected
numerical uncertainty. Interestingly, the b factor of the
metallic phase shows very close to Ni olivine. This is quite
surprising given the difference in the redox state, and more
generally the difference between the bonds present in these
two materials. In terms of metal silicate fractionation
(Fig. A1a), because the b factors of metal and olivine are
so close, the contrast between the different magnetic struc
tures of olivine is subsequently amplified. We considered
Table A1
Lattice parameters and selected structural parameters of Ni metal, Liebenbergite and Ni diopside, compared with experiment (Exp) and
previous calculations (PBE). The numbers in parenthesis refer to uncertainties on the last significant digit.
Ni metal This work D th/exp PBE (b) Exp(a)
a (A˚) 3.518 +0.1% 3.514 3.513[5]
Liebenbergite This work Exp(c)
calc.(d) D th/exp calc.(e) D th/exp calc.(f) D th/exp
a (A˚) 4.7614 +0.7% 4.7679 +0.8% 4.7587 +0.6% 4.7296[3]
b (A˚) 10.2875 +1.6% 10.2427 +1.2% 10.2769 +1.5% 10.1209[6]
c (A˚) 5.9533 +0.6% 5.9594 +0.8% 5.9546 +0.7% 5.9150[4]
c (◦) 90 90.00001 90.00006 90
Ni diopside This work(g) D th/exp Exp(h):
a (A˚) 9.9015 +1.7% 9.7359[4]
b (A˚) 9.0161 +1.4% 8.8932[4]
c (A˚) 5.3027 +1.4% 5.2284[3]
b (◦) 106.320 105.830[3]
a Kresch et al. (2007) neutron diffraction at 10 K.
b Lee et al. (2006).
c Bostrom (1987), X ray diffraction at ambient temperature.
d Simple antiferromagnetic state with antiparallel M1 and M2 spins.
e Antiferromagnetic state c1 following Cococcioni et al. (2003).
f Antiferromagnetic state c2 following Cococcioni et al. (2003).
g Ferromagnetic state.
h Raudsepp et al. (1990), X ray diffraction at ambient temperature.
Table A2
Liebenbergite, Ni diopside: computed relaxed structure in reduced
coordinates.
x/a y/b z/c
Liebenbergitea
Ni(1) 0.00000 0.00000 0.00000
Ni(2) 0.99200 0.27374 0.25000
Si 0.42570 0.09408 0.25000
O(1) 0.76932 0.09490 0.25000
O(2) 0.28290 0.94456 0.25000
O(3) 0.27235 0.16224 0.02816
Ni diopsideb
M(1) 0.00000 0.90822 0.25000
M(2) 0.00000 0.29437 0.25000
T 0.28713 0.09266 0.22741
O(1) 0.11591 0.08700 0.14235
O(2) 0.36083 0.24990 0.31997
O(3) 0.35075 0.01773 0.99442
a Simple antiferromagnetic state with antiparallel M1 and M2
spins.
b Ferromagnetic state.
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